Until quite recently, exciton-associated physics in semiconductors was almost entirely in terms of optical measurements. High resolution optical absorption measurements for cuprous oxide as well as for cadmium sulfide made it possible to assign a hydrogen atom-like energy level picture for the electron-hole binding.1).z) Emission lines -resulting from the recombination of excitons, either free or bound to impurities, are observed in silicon as well as in germanium with association of phonons.
3 )- 5 ) Existence of excitonic molecule in silicon has been concluded also from a systematic optical measurement. 6 ) Exciton lines are also clearly observed in magneto-optical absorption experiments. 2 ). 7
).s) Since the exciton in itself is electrically neutral, it cannot be an object of usual transport study involving an electric field. Recent modern techniques of achieving various limiting conditions, however, may enable us to deal with some sort of transport experiment even for neutral excitons. Achievement of very high density excitons by a photopulse, for example, furnishes the condition for the Mott transition, which guarantees a metallic conduction. 9 >' 10 ) Meanwhile, some past works, taking only free carriers into account, should be reconsidered with the presence of excitons, especially when one excites the carriers by an intrinsic light. u)- 14 ) New type experiments, more or less connecting excitons with transport problems, will now be introduced and discussed in conjunction with the existing experimental results. Though the present treatise is deployed on the ground of germanium medium, it can, in principle, be applicable also to silicon as well as to many other semiconducting materials. §2. Bound carrier cyclotron resonance in a high magnetic field
The physical problem for a hydrogen atom embedded .in a high magnetic field was treated first by Yafet-Keyes-Adams. 15 ) Impurity atoms in semi-conductors, especially tri-and pentavalent impurities in silicon or germanium, can be simulated to a hydrogen atom and hence the above treatment becomes useful to discuss the impurity states in a high magnetic field. An exciton also is a kind of "hydrogen atom". It depends on one's taste whether to regard it as a "donor" or an "acceptor". The important thing is that properties an impurity atom has can more or less be associated also with an exciton. In a high magnetic field, it has theoretically been predicted that discrete bound states of an impurity electron -we specifically take a donor impurity-are divided into separate associations with different Landau levels in the conduction band. A typical example can be sought for a donor impurity in indium antimonide. Electron transition from the impurity ground state associated with the lowest Landau level to an impurity excited state associated with the second lowest Landau level is called "impurity cyclotron resonance" and is often abbreviated as ICR. This ICR signal has been observed side by side with the ordinary cyclotron resonance transition n O_,..n 1 for the conduction electron. 16 ) ' 17 ) The main reason why the ICR is observed only for indium antimonide is the unusually small effective mass of the conduction electron. In other words, the zero point cyclotron energy ~hwc easily exceeds the Rydberg energy on application of a rather low magnetic field. The same condition, however, can be achieved even for donors in germanium only if one prepares a sufficiently strong magnetic field. The required threshold field for cyclotron resonance observation for a bound carrier will be reduced nearly by a factor of two if one takes excitons instead of donors, because of a simple reduced mass consideration. As will be mentioned in §4, we need only consider the indirect excitons in germanium.
The lifetime of an exciton is quite long and hence one may expect a nearly quasi-equilibrium relation between exciton and free carriers. This guarantees a sufficiently large number of excitons under a steady illumination of the bandgap light. One thing which we have to be careful about is that excitons as well as bound donor electrons should reflect the many-valley character. In other words, the expected peaks for excitons or bound donor electrons may not appear if one sweeps the magnetic field, since the wave functions are linear combinations of the eigenstates associated with four different valleys, or the conduction band minima. In order to prevent the smearing-out of the peak, it may accordingly be necessary to bind the four valleys in an equivalent resonance condition by applying the magnetic field along a [100] -type direction. In the case of indium antimonide, no many-valley nature should be considered and one can, in fact, observe the impurity cyclotron resonance. The reason why no exciton cyclotron resonance observation is yet reported for indium antimonide would be due to the short exciton lifetime because of the direct optical transition in the course of annihilation.
The above argument is based on the valley-orbit degeneracy of excitons or donor electrons. If one can, on the contrary, sort out the assoc1at10n of excitons or donor electrons with a particular valley, it should be possible to observe separate peaks of exciton or donor electrons side by side with separate valley electron cyclotron resonances. The high field application may thus lay open the possibility of observing the "partial" exciton or donor electron resonance. As a practical matter of fact, one may use water vapor laser in combination with a pulsed magnetic field for exciton cyclotron resonance. A suitable wavelength of the laser would be 118.6 p whose energy exceeds the binding energy of an exciton. Even the use of 337 p out of the cyanide laser might still be helpful for observing significant changes in cyclotron resonance peaks of electrons. For donor electrons, shorter wavelength and higher magnetic field must be required. Apart from the availability of the magnetic field, one more possibility of easing the exciton resonance in comparison with the donor electron resonance would be the motional narrowing effect of the resonance line, which, of course, depends upon the mobility of an exciton in germanium crystal. §3.
Excitons and dislocations
Being associated with high density exciton problems, the idea of "excitondrops" has been introduced by Russian workers. 18 ) This idea is not extraordinary, since it is our common experience to see the water drop form if one increases the water vapor pressure; in other words, if one raises the density of water molecules; or humidity, in the air. A recent paper tells us that such exciton drops tend to form near dislocation lines. 19 ) Though there still remains some ambiguity as for its truth, one has to admit the possibility of an edgetype dislocation to accomodate exciton-drops.
Suppose excitons uniformly distributed all over the perfect germanium crystal. Then introduce an edgetype-either 60° or 90°-dislocation at some region. There are now born the tension and compression sides around the dislocation. Such tension and compression act on the medium; i.e. germanium lattice, rather than excitons themselves. The response on the part of excitons, then, would be like humidity in the air. When the atmospheric pressure rises, humidity goes down and vice versa. The exciton drop formation would then be favored on the tension side of a dislocation. This situation is analogous to the cloud formation along a mountain range. By illuminating the crystal with strong intrinsic carrier excitation light, one would be able to supersaturate the humidity along the mountain range; i.e. induce a strong exciton light emission-which one might call an exciton shower-along an edge-type dislocation. The carrier excitation light can be white, but the light emitted in the exciton-shower is of course monochromatic. Thus one may obtain a strong monochromatic near-infrared light source by illuminating a heavily deformed germanium crystal with intense white light. One has, of course, to allow for the small variety in wavelength for the light emitted in exciton annihilation owing to the different phonon associations.
On top of the proposal for such an exciton-shower experiment, the authors would like to add some comment on their past work which is also related to dislocations in germanium.12) Electron cyclotron resonance behavior in plastically deformed germanium was dealt with in terms of linewidth and intensity measurements. In order to interpret the observed cyclotron resonance linewidth, one had to introduce the temperature independent length-parameter Rc. Namely, the contribution of the dislocations to the linewidth is given by the formula
Here, the linewidth is given by the inverse relaxation time 1/rd. Nd is the density of dislocations, E1 the band-shift parameter, b the Burgers vector, ())c the cyclotron frequency and v the Poisson ratio. The physical meaning of Rc is considered to be the distance from the dislocation line where the free electron dies out. Fitting the experimental data with theory, Rc has been found to be 3.7r" where rc (ch/eH) 112 , the cyclotron radius for the low energy limit. If we take 3.7rc to be the direct electron capture radius by a dislocation line, we cannot but feel that such a capture radius is a little too large, since it becomes of the order of 10 3 A. The reason for such a largeness of Rc remains unanswered. One may, however, now challenge to solve this puzzle through the idea of the "exciton-shower". In such a low field resonance experiment as the one cited here, an electron escapes cyclotron resonance observation once it forms an exciton with a hole, even if it still is alive. If we interpret the parameter Rc to be the radius of the "shower zone" around the dislocation, the value of 10 3 A would not be too large. Whether the zone is heavily rained upon or not, of course, depends on the intensity of illuminating light. §4.
Electron-exciton interaction
As already mentioned, the exciton can be regarded as a kind of neutral impurity which can be simulated to a hydrogen atom. Interaction between electron and neutral impurity has considerably been studied by means of cyclotron resonance. 20 
>'
21 > Apart from the fine details which involve electronic spins, 22 > the scattering formula between electrons and neutral donors can be fairly well explained by the so-called Erginsoy formula Here Nv and NA are the concentrations of donors and acceptors, respectively. Now that electron-neutral impurity scattering contributes to the cyclotron resonance linewidth, there also is a possibility that electron-exciton interaction provides another source of linewidth contribution. It is a question whether the scattering formula is close to (2) or to (3), since an exciton, in analogy, is quite unbiased between donor and acceptor. The fundamental difference between an exciton and a neutral impurity is that the former has a finite lifetime. If the lifetime of an exciton is too short, there will not be enough number of excitons to contribute a linewidth due to electron-exciton collisions. The average lifetime of an exciton is thought to be of the order of a microsecond. In the case of silicon or germanium, the stationary free excitons are indirect-excitons; namely, the emission due to pair-annihilation can take place only through the help of phonons. Thus the process is of the second order and hence that the recombination time becomes relatively long. Otherwise the average lifetime for an exciton would lie around 10-9 sec as in the case of indium antimonide, which provides typical direct-excitons.
In dealing with indirect-excitons in germanium now, one may expect a considerable number of excitons to interact with electrons. If there exists a quasi-equilibrium between electrons (and holes) and excitons, one can estimate the number of excitons in accordance with the formula (4) where ne is the density of free electrons (or holes), nex that of excitons, e the association energy between electron and hole for an exciton formation, and with m~ and mt being the effective masses of electron and hole, respectively. The more free carriers we have, the more excitons are born, naturally. On increase of intrinsic light illumination, one observes broadening of each electron resonance line. This line-broadening is interpreted in terms of the so-called carrier-carrier interaction by Kawamura et al. 11 > The carrier-carrier interaction is considered to contribute a linewidth, if the interaction is between electrons in different valleys or between electrons and holes. In the presence of such a source of line-broadening, it might be difficult to sort out the electron-exciton interactions. However, it is worth trying to increase the density of carriers and hence of excitons and to see what happens in the electron cyclotron resonance line. It is not easy to maintain the carrier density as high as 10 12 cm-3 by a steady light illumination. The photopulse technique as such introduced by Rogachev 10 ) is more appropriate for the present purpose. By applying a photopulse first and then setting a gate-pulse after some delay time for the cyclotron resonance observation should be the most standard way. The delay time for the gate-pulse should be varied as a parameter. Such an experiment is now under way at the authors' laboratory.
It should be remarked, in passing, that there may not be a clear boundary between the electron-exciton interaction now suggested and the carrier-carrier interaction as treated by Kawamura et al.
)
It is quite possible that the same phenomenon is tractable in different languages. In the presence of both electrons and holes, no carrier is considered to be free in a strict sense; in other words, majority of the carriers are in pairs. Then the observed line-broadening due to "carrier-carrier interaction" may, at least partially, be interpreted as electronexcitons interaction. More definite argument may be done only after experiment.
One more thing which we have to ~are about is the possibility of excitonic molecule formation. In silicon, existence of excitonic molecule has been very clearly confirmed; 6 ) while in germanium very little information has been available. However, we should be prepared to deal with excitonic molecules also in germanium. In that case, electron-excitonic molecule interaction ought to be taken into account, if the lifetime of an excitonic molecule is comparable to that of an isolated exciton.
So far we have mentioned electron-exciton interaction in a pure material. It is also very important to explore the behavior of excitons in doped materials, since it is quite possible that excitons, either free or bound to impurities, are playing an essential role in carrier recombination. Impurity associated electronexciton interaction problem may be laid open by investigating high field cyclotron resonance behaviors of all the actors-electrons, free and bound excitons and so on. §5.
Excitons and impurities
As already mentioned in the last section, interaction between excitons and impurities is expected in the form of exciton-trapping by an impurity. This phenomenon has been extensively studied for silicon. 4 ) It is reasonable to expect the same to be happening in germanium. Association of an exciton with a neutral impurity can be regarded as a kind of asymmetric molecule. In the case of the excitonic molecule, the binding energy has been calculated through the method of variation to be a function of electron to hole mass ratio. 24 ) One is inclined to wonder if it is possible to extend such an argument to an asymmetric molecule. A point of interest is to find the difference between exciton-donor and exciton-acceptor associations. It has been found in silicon that the average lifetime of an exciton trapped at an acceptor site is five times as short as that trapped at a donor site. 4 ) Perhaps such a difference in exciton lifetime has something to do with the difference in binding energy. This is an open question for theoreticians. For experimental people, exciton lifetime should be studied in many ways. A most direct way would perhaps be the linewidth analysis of an exciton emission line. A transport physicist would prefer to investigate free carrier lifetime, since the carrier recombination process is now more or less connected with the intervention of excitons as discussed in the last section. A kind of carrier recombination study has been carried out in the form of uniaxial stress associated cyclotron resonance in silicon and germanium. 13 ) ' 14 ) For these many-valley semiconductors, application of a uniaxial stress along an appropriate direction produces up-and-down electron valleys, thus causing a considerable unbalance in carrier populations between the valleys. Let us denote the down-valley electron population by n1 and one of the upvalley electron populations by n2; then the population ratio can be written as (5) where g is the multiplicity ratio of up-to down-valleys; i.e. 2 for silicon and 3 for germanium if one applies stress along (100) and (111), respectively, p.=AE/kB T with JE being the up-and-down energy difference, orr the recombination time for electrons which we shall assume equal for up-and downvalleys, and -r~1 the intervalley scattering time constant at zero stress. The down-valley is here designated by the suffix 1 and the up-valley by 2. The unbalance of carrier populations, or the difference between n1 and n2, is caused by intervalley electron scattering; in other words, -r~1 is playing the main role. What we have learnt in our past work 14 ) is that -r~1 at the liquid helium temperatures is primarily determined by the presence of neutral impurities. In the course of analyzing the intervalley scattering process, no consideration was rendered to the role of excitons. Again here, there is no reason for justification of excluding the role of excitons. In order to see if excitons are playing any role, it would be an idea to produce extrinsic carriers from donor sites by means of a C02 laser and then applying a uniaxial stress to cause the upand-down unbalance of electron populations. The impurity concentration of the n-type specimen which we can deal with in cyclotron resonance at a standard millimeter wavelength, say 8 mm, is 10 13 "-'10 14 cm- Most of the impurities may then stay in the neutral state. Thus the impurity condition is almost the same as in the intrinsic carrier excitation. The fundamentally different situation here is that we have no excitons. If excitons are playing a role both for intervalley scatterings and for recombinations, the stress dependence of n1/n2 as well as that of the down-valley resonance linewidth would be greatly affected by using a COz laser light instead of an intrinsic light.
The experiment suggested here in itself is not creating excitons. It is rather shutting the excitons off. Yet it is introduced here because it is still looking for the detection of an exciton associated physical phenomenon, though somewhat negative in nature.
